Introduction
Iron and chromium are both indispensable micronutrients 1, 2 in the course of the growth of plants and animals, and are widely distributed in nature. They are in very close contact with enzymes, incretions and vitamines of organisms, and play remarkably significant roles in the metabolism of the living body. 3 An improper intake of iron or chromium can cause many diseases. For instances, a lack of iron can induce anaemia, function retrogression of the iron-enzyme, neural turbulence and a decline of the organism resistibility etc.; 4 a deficiency of chromium may cause neuropathy and encephalopathy. 5 On the other hand, excess iron or chromium can also beget turbulence of the metabolism, and damage the bodily apparatuses and further cause cancer. 6 Therefore, measurements of iron and chromium have been given a very important place.
Nowadays, many methods for the determination of Fe 2+ , Fe 3+ and Cr 3+ are available, such as atomic absorption spectrometry (AAS), 2,7-13 voltammetry, [14] [15] [16] high-performance liquid chromatography (HPLC), 17 X-ray fluorescence (XRF), 18 ion-selective electrode (ISE), 6, 19 and chemiluminescence (CL). 20, 21 Zhang et al. proposed a capillary electrophoretic-chemiluminescence method for the determination of chromium(III) and chromium(VI). 20 Zhou et al. have constructed an automated Fe(II), total dissolved iron analysis by using reverse flow injection chemiluminescence. 21 Each of these proposed methods offer their own set of advantages and disadvantages. However, some disadvantages, such as several time-consuming manipulation steps and sophisticated instruments, have been shown.
Up to now, there was no report that metal ions such as Fe 2+ , Fe 3+ and Cr 3+ were determined adopting the luminal-KMnO4 system, because these metal ions produced an invalid process to the luminal-KMnO4 reaction when they were injected to a mixed tube along with luminal and KMnO4. However, in our experiment we found that if these metal ions were infused into a mixing alkaline solution containing excessive luminal, just when the CL signal of the luminal-KMnO4 system decreased to the baseline, a new CL signal of the system appeared. That is, there are twice as many CL reactions in the experiment: the first CL was produced when alkaline luminal mixed with KMnO4 and was depicted as the first CL (FCL) reaction by us; the subsequent CL occurred when a metal ion, such as Fe 2+ , Fe 3+ or Cr 3+ , was added to a mixture of excessive luminal with KMnO4, which the FCL had just finished, and was called the second CL (SCL) phenomenon. The SCL intensity was linear with a concentration of three metal ions in a certain range, respectively. Therefore, a new method for the determination of Fe 2+ , Fe 3+ and Cr 3+ was proposed.
Experimental
Reagents All chemicals were of analytical-reagent grade, and doubly distilled water was used throughout. Stock solutions of Fe 2+ (2.11 g l -1 ), Fe 3+ (3.64 g l -1 ) and Cr 3+ (10.00 g l -1 ) were provided by dissolving the required amount of the salts of FeSO4·7H2O, NH4Fe(SO4)·12H2O and CrCl3·6H2O in water, respectively. The working solution of each metal ion was freshly prepared by appropriate dilution of the stock solution with water. A stock solution of KMnO4 (4.0 × 10 -2 mol l -1 ) was prepared by dissolving 1.5790 g of KMnO4 in water, transferring the solution into a volumetric flask and diluting to 250 ml with water. More diluting solution of KMnO4 was freshly prepared by diluting the stock solution of KMnO4 with water. A stock solution of luminal (1.0 × 10 -2 mol l -1 ) was prepared by dissolving 0.1771 g of luminal purchased from Sigma in 0. , based on the second CL (SCL) signal of the mixture of luminal with KMnO4 in a sodium hydroxide medium by the catalysis of Fe 2+ , Fe 3+ or Cr 3+ . The possible CL mechanism of the systems, the influencing factors, and the optimum conditions for the reactions were investigated based upon the kinetic curve of the CL reaction, CL spectra, UV-visible spectra and some other experiments. Under the optimum conditions, the SCL intensity was directly proportional to the concentration of these metal ions in solution in the range of 0.10 -100.00 mg l -1 for Fe 2+ mol l -1 NaOH solution, displacing the solution into a volumetric flask and diluting to 500 ml with 0.1 mol l -1 a NaOH solution. The working solution of luminal was freshly prepared by appropriate dilution of the stock solution with the NaOH solution.
Apparatus
The CL emission was recorded with a flow injection CL analyzer (IFFL-D) (Xi'an Remax Electronic Science-Tech Co. Ltd.) controlled by a personal computer. The CL spectrum was examined with a series of interference filters by IFFL-D. The absorption spectra were obtained by an UV-VIS 8500 spectrophotometer (Tianmei Co., Shanghai, China).
Procedures
The FIA system used for the detection of Fe 2+ , Fe 3+ and Cr 3+ is shown in Fig. 1 . Channels a and b were used for carrying luminol and permanganate solutions, and channel c was used for carrying the metal ion solution. The permanganate stream was initially merged with the luminol stream using a Y-piece to make the two solutions mix thoroughly and interact with each other until the CL signal became very weak and a stable baseline was obtained. Subsequently, a suitable amount of working solution of Fe 2+ , Fe 3+ or Cr 3+ was injected into the merged steam of permanganate and luminol solutions through a six-way injection valve. The change of SCL intensity, ∆I (∆I = In -Io, where In and Io were the SCL signals in the presence and absence of the metal ion, respectively), was measured. The relative SCL intensities, ∆I, vs. the concentrations of metal ion were used for the calibration curves. All of these solutions were propelled at a constant flow rate of 1.0 ml min -1 .
Results and Discussion

Kinetic curves of the CL reactions
In order to determine the lifetime of the CL, the kinetic curves of the systems were examined by a static method; the results are shown in Fig. 2 . Curve 1 is the CL kinetic curve obtained when 2.0 × 10 -6 mol l -1 permanganate solution was injected into 2.0 × 10 -5 mol l -1 luminol alkaline solution. It is obvious that the mixed solution of luminol and KMnO4 gave a strong CL signal, which reached a maximum value at 2 s after the mixing. About 15 s later, the CL reaction terminated and the CL signal declined to the baseline. Subsequently, when a metal-ion solution, such as Fe 2+ , Fe 3+ or Cr 3+ , was injected into the reaction mixture of luminol and KMnO4, a new CL kinetic curve (as shown in curve 2) appeared, which was the SCL signal. The rate of the SCL reaction in solution was shown to be very fast. The SCL signal took approximately 1 s to reach the maximum value for the three metal ions, and then less than about 12 s to decline to the baseline again.
Effect of the length of the mixing tubing
According to the procedure described above, the minimum FCL signal (i.e., Io), and the maximum SCL signal (i.e., In) were needed so as to obtain the maximum change value of the SCL intensity, ∆I. Therefore, the effect of the length of the mixing tubing, which linked the Y-piece with the injection valve, on the CL intensities of the FCL and SCL processes was investigated; the results are shown in Fig. 3 . It can be seen from Fig. 3 that the FCL intensity rapidly decreased with increasing the length of the mixing tubing to 120 cm. Beyond this length, the decrease of the FCL intensity became quite small with increasing the length of the mixing tubing. On the other hand, Fig. 3 illustrates that the decrease of the SCL intensity for Fe 2+ , Fe 3+ and Cr 3+ were rather small in the length of the mixing tubing range from 120 to 180 cm. However, when the length of the mixing tubing exceeded 180 cm, the SCL intensity obviously decreased. Considering that at 150 cm the reactions had the maximum signal-to-noise ratio, this value was chosen as the optimum length of the mixing tubing for a further study of the three metal ions at a flow rate of 1.0 ml min -1 for pump 2.
Effect of the flow rate
The flow rate was studied in the range from 0.5 ml min -1 to 8.0 ml min -1 . On the one hand, a much higher flow rate induced 622 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 an insufficient reaction of luminal-KMnO4, and made a higher FCL signal with a lower SCL signal, so that the signal-to-noise ratio would gradually become small. On the other hand, a too small flow rate would produce a lower SCL signal; similarly, the signal-to-noise ratio was also decreased. Accordingly, the flow rate of 1.0 ml min -1 for pumps 1 and 2 was chosen.
Effect of the cell-valve distance
The cell-valve distance expresses the length from the final mixing point of the reagents to the point detected by the photomultiplier tube. It determines the time when the SCL intensity was detected after the metal ion was injected into the luminal-KMnO4 system. Therefore, it will seriously influence the sensitivity of the method, and is also a significant experimental parameter. The effect of the cell-valve distance on the SCL intensity has been investigated. The SCL signal almost did not change in the rang of 4.5 to 6.5 cm for Fe 3+ and 4.5 to 5.5 cm for Cr 3+ . It then decreased rapidly when the cell-valve distance exceeded 6.5 cm for Fe 3+ and 5.5 cm for Cr 3+ . Therefore, a cell-valve distance of 5.5 cm was selected for Fe 3+ and Cr 3+ . However, the SCL signal for Fe 2+ evidently declined with an increase in the cell-valve distance. Therefore, in order to obtain the maximum SCL intensity for Fe 2+ , the shortest cellvalve distance of 4.5 cm was chosen.
Effect of the voltage of the PMT
The voltage of the PMT influenced on both the accuracy of the experiment and the sensitivity. The CL intensity of the reaction rose with increasing the voltage of the PMT; at the same time, the noise increased, and the accuracy was reduced. Thus, the voltage of the PMT was also an important parameter and its influence on the SCL intensity was investigated in the voltage range from 500 to 850 V. The experimental results showed that the reaction had a maximum signal-to-noise ratio at 600 V for Fe 
Effect of the NaOH concentration
Owing to the nature of the luminol CL reaction, which is much favored under an alkaline condition, the alkalinity of the reaction medium, that is to say, the concentration of NaOH, will show a degree of effect on the SCL reaction system. This effect was tested by measuring the CL intensity with a series of NaOH solutions in the concentration range from 0.001 to 0.14 mol l -1 , prepared in the same luminol concentration. The results are shown in Fig. 4 . They indicate that the SCL intensities of three metal ions (Fe 2+ , Fe 3+ and Cr 3+ ) approached the maximum value at 0.023 mol l -1 NaOH. At concentrations above or below this value, the SCL intensity decreased dramatically. Thus, 0.023 mol l -1 NaOH was selected as the optimum concentration for the three metal ions.
Effects of the luminol and permanganate concentrations
Before undertaking the experiment, the concentrations of luminal and KMnO4 were quickly studied by comparing the different molar ratios of luminal and KMnO4 for a better signalto-noise ratio. It was found that the experiment could gain a better signal-to-noise ratio at 2.0 × 10 -5 mol l -1 luminal and 2.0 × 10 -6 mol l -1 KMnO4. Consequently, under the experimental conditions chosen above, only a small change could be allowed for the concentrations of luminol and KMnO4. After that, further investigations were carefully engaged concerning the effects of the luminol and KMnO4 concentrations on the SCL intensities. The results further showed that the SCL intensity reached the maximum value when the concentrations of luminol and KMnO4 were 2.0 × 10 -5 and 2.0 × 10 -6 mol l -1 , respectively. Thus, 2.0 × 10 -5 mol l -1 luminal and 2.0 × 10 -6 mol l -1 KMnO4 were chosen in the course of the experiment.
Analytical parameters
Under the optimum experimental conditions, the relative SCL intensities of the three systems, ∆I, were measured, and the calibration graphs of ∆I against the concentrations of Fe 2+ , Fe 3+ and Cr 3+ were constructed. The results show that the relative SCL intensity was linear with the concentration of metal ion in the range of 0.10 -100.00 mg l -1 for Fe 2+ Fe 2+ , 1.00 × 10 -3 g l -1 Fe 3+ and 1.00 × 10 -4 g l -1 Cr 3+ , respectively.
Interference studies
In order to evaluate the selectivity of the proposed method, the effect of some common inorganic ions on the SCL reaction was examined by preparing solutions respectively containing 3.64 × 623 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 Correlation coefficient (r) Detection limit/g l -1 
Possible CL reaction mechanism
(1) The FCL mechanism may be attributed to the following reactions:
The reaction in which luminol reacts with MnO4 -in an alkaline medium to produce MnO4 2-can be presumed from obtaining the UV-Vis absorption spectra (as shown in Fig. 5 ) of a KMnO4 solution and a mixed solution of luminol and KMnO4 with different molar ratios. It is evidently seen from Fig. 5 that the characteristic absorption peaks of the KMnO4 solution at 504, 525 and 544 nm vanished, and simultaneously a new absorption peak appeared at 605 nm, which is supposed to be the absorption peak of MnO4 2- , due to its very good match with the absorption peak of the result of the freshly prepared KMnO4-sodium sulfite reaction. From the above discussion, potassium manganate is deduced to be the product of the luminal-KMnO4 reaction. ( 2) The SCL mechanism may be attributed to the following reactions:
where M denotes Fe 2+ , Fe 3+ or Cr 3+ .
To prove this mechanism, the following experiment was carried out. A 2.0-ml portion of the KMnO4-excessive luminal mixture was flowed into the reaction cell of a static measuring system of the IFFS-A multifunction CL analyzer, followed by manual injection of 2.0 ml of a metal ion solution into the mixed solutions, and the measurable CL signal was recorded; the same was done so that 2.0 ml of a metal ion solution was injected into 2.0 ml of a KMnO4-insufficient luminal mixture; no CL signal was detected. These results revealed that the SCL signal was obtained only in the presence of excessive luminol in the luminol-KMnO4 CL system, and the SCL phenomenon originated from the reaction of residual luminol with potassium manganate.
After keeping the mixture for some time, it was observed that the color of the mixing solution with an excess of luminal changed little by little from green to yellow, and lastly the minor granule brown-grey sediments separated out, whereas the color of the solutions with an insufficient luminal appeared to show no change and no sediments were produced either. According to the chemical and physical character of luminal and permanganate, the sediment was deemed to be manganese dioxide. When metal ion was injected into a mixture containing freshly prepared excessive luminal, the green color of mixture faded evidently at once, and small powder of brown manganese dioxide immediately subsided out. We knew from the above experimental phenomenon that manganate could react with luminal in the alkaline medium in the absence of a catalyst, such as metal ions; however, the reaction rate was very small and the producing CL intensity was too low to investigate and be determined. However, the rate of the SCL reaction could be accelerated in the presence of the metal ion, and a strong CL signal emerged. That is to say, the metal ion acted as a catalyst 624 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 .
in the reaction of luminal with potassium manganate. The difference in the reaction rate was also reflected by the difference in shape and color of precipitate. In order to obtain some further ideas about the possible reaction mechanism, the CL spectrum of the luminal-KMnO4 SCL reaction system is shown in Fig. 6 in the presence of metal ion using a series of interference filters. The obtained spectrum showed a maximum emission wavelength at 425 nm, which matched well with the maximum emission spectrum of luminal (λmax = 425 nm). This suggested that excited aminophthalate was still the luminophor of the SCL reaction.
On the basis of the discussion described above, the possible mechanism of the CL reaction of luminal-KMnO4-metal ion was suggested to be as follows: in an alkaline medium, at first MnO4 -was reduced to MnO4 2-by luminal, while luminal was oxidized to the excited species (3-aminophtalate* ion); then, the excited species returned to the ground state with the occurrence of the CL signal. In succession, MnO4 2-reacted with redundant luminal of the solutions to produce manganese dioxide and 3-aminophtalate* ion, which synchronously produced luminescence, in the catalysis of metal ions.
Conclusion
The luminal-KMnO4 SCL-FIA system is a simple, fast and novel system for monitoring the three metal ions Fe 2+ , Fe 3+ and Cr 3+ by catalyzing the CL reaction between manganate produced on-line and luminal under an alkaline condition, which causes the SCL signal. Also, the method is anticipated to be used for detecting these metal ions in food, soil and gas by combining with other methods.
